An investigation was conducted into the effects of annealing temperature on microstructure and tensile properties of ferritic lightweight steels. Two steels were fabricated by varying the C content, and were annealed at 573 K to 1173 K (300°C to 900°C) for 1 hour. According to the microstructural analysis results, j-carbides were formed at about 973 K (700°C), which was confirmed by equilibrium phase diagrams calculated from a THERMO-CALC program. In the steel containing low carbon content, needle-shaped j-carbides were homogeneously dispersed in the ferrite matrix, whereas bulky band-shaped martensites were distributed in the steel containing high carbon content. In the 973 K (700°C)-annealed specimen of the steel containing high carbon content, deformation bands were formed throughout the specimen, while fine carbides were sufficiently deformed inside the deformation bands, thereby resulting in the greatest level of strength and ductility. These results indicated that the appropriate annealing treatment of steel containing high carbon content was useful for the improvement of both strength and ductility over steel containing low carbon content.
I. INTRODUCTION
RESEARCH on how to reduce greenhouse gases and to control global warming has been conducted by governments, businesses, and research institutes throughout the world. The reduction in a vehicle's weight has been focused on in order to increase fuel efficiency and to decrease CO 2 emissions, which could have economic advantages and be eco-friendly in the research area of automotive steel sheets. [1] [2] [3] [4] [5] [6] [7] [8] [9] Recently, ferritic lightweight steels, in which Mn content decreases (to below 10 wt pct) and Al content increases, have been noted. This increase in Al content to 6 wt pct, for example, could possibly lead to a 10 wt pct reduction in automotive components. In addition, it could have excellent properties such as a strength of over 780 MPa and an elongation of over 30 pct. [4] Lightweight steels can be divided into austenite-based and ferrite-based according to their matrix microstructures. Typical austenitic lightweight steels are transformation-induced plasticity steels or twinning-induced plasticity steels, in which the austenite is stabilized at room temperature. There have been many research studies intended to increase formability by adding Al, which raises stacking fault energy and stabilizes the ferrite, and by controlling deformation mechanisms. Ferritic lightweight steels have the advantages of lightweight effects because of the higher content of Al rather than Mn. They have only ferrite as a matrix at room temperature, although both austenite and ferrite exist at high temperatures. The development of ferritic lightweight steels started in the late 1990s, as Baligidad and co-workers [10, 11] suggested Fe-Al-C alloying systems. Controlling Al and C contents in 8.5 to 11 wt pct and 0.5 to 1.0 wt pct, respectively, both strength and ductility were improved by homogeneously distributing large amounts of j-carbides, which have the composition of (Fe,Mn) 3 -Al-C and perovskite structure. In the 1980s, when research on j-carbides was in its infancy, it was thought that j-carbides had a harmful effect on ductility because of its hardness, and the formation of j-carbides was inhibited by adding precipitation-hardening elements such as B, Ti, and Nb. [12] [13] [14] Recently, j-carbides have been used for increasing mechanical properties by controlling their size, fraction, and distribution. However, the formation processes of j-carbides are not yet fully understood, and it is still being reported that j-carbides induce cracking by forming band structures during hot and cold rolling of ferritic lightweight steels. [15] Therefore, for the successful development of ferritic lightweight steels, the verification of formation mechanisms of j-carbides, which can vary with rolling or heat-treatment conditions, is needed. If successful, this knowledge would make it possible to fabricate lightweight steels without any defects and to improve their mechanical properties simultaneously.
In the present study, two ferritic lightweight steels were fabricated by varying C content. The ferritic microstructures containing j-carbides were formed by varying annealing temperatures, and their tensile properties were evaluated. Deformation and fracture mechanisms were investigated in relation with annealed microstructures, and the correlation between the microstructural formation process and tensile properties was clarified. The appropriate microstructures of ferritic lightweight steels for automotive body sheets were suggested.
II. EXPERIMENTAL

A. Lightweight Steels
Two lightweight steels were fabricated by a vacuum induction melting method, and their chemical compositions are Fe-(0.1,0.3)C-(5±1)Mn-(6±1)Al-(<0.02)(P+S) (wt pct), in which the Al content is slightly higher than the Mn content. The steels containing C content of 0.1 and 0.3 wt pct are referred to as ''A'' and ''B,'' respectively, for convenience. After thick plates of 160 mm in thickness were homogenized at 1473 K (1200°C) for 1 hour, they were hot-rolled at 1453 K (1180°C) to make 130-mm-thick plates and were cooled in the air. Specimens of 20 9 20 9 100 mm in size were collected from these plates, homogenized at 1473 K (1200°C) for 10 minutes, and quenched in the water. After they were sealed in vacuum quartz tubes, they were annealed in a furnace at 573 K, 773 K, 973 K, and 1173 K (300°C, 500°C, 700°C, and 900°C) for 1 hour, and quenched in water. For convenience, the A and B specimens water-quenched from 1473 K (1200°C) are referred to as ''A12'' and ''B12,'' respectively, and the A and B specimens annealed at 573 K, 773 K, 973 K, and 1173 K (300°C, 500°C, 700°C, and 900°C) are referred to as ''A3,'' ''A5,'' ''A7,'' and ''A9'' and ''B3,'' ''B5,'' ''B7,'' and ''B9,'' respectively. Sizing rolling, homogenization, and annealing processes of the A and B specimens are illustrated in Figure 1 .
B. Microstructural Analysis and Tensile Test
The steel specimens were polished and etched in a 2 pct nital solution, and microstructures of longitudinaltransverse (L-T) planes were observed by an optical microscope and a scanning electron microscope (SEM model JSM-6330F, JEOL*). Phases present in the specimens were identified by X-ray diffraction (Cu radiation, scan rate 2 deg min À1 , and scan step size 0.02 deg), and their volume fractions were measured by an image analyzer (model SigmaScan Pro ver. 4.0, Jandel Scientific Co., Erkrath, Germany). Hardness of phases and overall bulk hardness were measured by a Vickers hardness tester under 400 g and 2 kg loads, respectively. Plate-type tensile specimens having a gage length of 12.6 mm, gage width of 5 mm, and gage thickness of 1 mm were prepared in the transverse direction and were tested at room temperature at a strain rate of 10 À3 /s by a universal testing machine of 100 kN capacity (model 5582, INSTRON**). In order to investigate the crack initiation and propagation processes, the fracture surface and cross-sectional area beneath the fracture surface were observed by an SEM.
III. RESULTS
A. Interpretation of High-Temperature Equilibrium Phase Diagrams
To identify high-temperature phases of the ferritic lightweight steels, the volume fraction of phases existing at high temperatures was verified by thermodynamic calculations. THERMO-CALC, [16] which is a commercial thermodynamic calculating program, was used for the calculation, and the upgraded version of THERMO-CALC is a trademark of Thermo-Calc, Stockholm. TCFE2000 [17, 18] was used for the thermodynamic database. The volume fractions of equilibrium phases in the A and B steels are shown in Figures 2(a) and (b) , respectively. The A steel is mostly made up of ferrite at 1473 K (1200°C), and only a small amount of austenites can be found (Figure 2(a) ). The amount of ferrite and austenite remains constant as the temperature decreases, but the amount of austenite decreases abruptly from about 973 K (700°C), while j-carbides begin to precipitate until their content reaches 2 pct at 873 K (600°C). The B steel consists of almost equal amounts of ferrite and austenite at 1473 K (1200°C) (Figure 2(b) ). The amount of austenite decreases, while that of ferrite increases, as the temperature decreases to about 973 K (700°C). At 973 K (700°C), the amount of austenite sharply decreases, and j-carbides begin to precipitate. The volume fraction of precipitated j-carbides is about 5 pct, which is higher than that in the A steel. From these equilibrium phase diagrams, the phase transformation temperatures can be estimated. Here, it should be mentioned that according to the present thermodynamic database, [17, 18] other phases originating from the Fe-Mn-C ternary system (cementite, M 5 C 2 , and M 7 C 3 ) and graphite may appear as stable phases during the equilibrium calculations for this class of steels, and that these phases are suspended in the calculations.
B. Microstructure
Needle-shaped fine particles are homogeneously dispersed in the ferrite matrix in the A12 specimen, which also contains a small amount of martensites. The size of prior austenite grains is about hundreds of micrometers as a result of homogenization at 1473 K (1200°C). In the B12 specimen, bulky martensites are formed in a band shape in the ferrite matrix. The volume fractions of band-shaped martensites are measured to be 2 and 41 pct in the A12 and B12 specimens, respectively. Considering that the austenite transforms to the martensite after quenching, the volume fractions of band- A small amount of martensites were tempered by the annealing at 973 K (700°C). In the A9 specimen, needle-shaped particles are changed to long-ellipticalshaped ones or to coarsened ones, some of which are formed along grain boundaries (Figures 3(c) and 4(c)).
In the B3 and B5 specimens, band-shaped martensites pre-existing in the nonannealed B12 specimen are still observed (Figures 3(d) and 4(d) ). In fact, these martensites are tempered ones because of the tempering effect of the annealing treatment. In the B7 specimen, martensites are more decomposed to reach an overtempered state, and spherical or elliptical fine particles are precipitated in the ferrite matrix (Figures 3(e) and 4(e)). Overtempered band-shaped martensites consist of fine particles precipitated along laths or inside laths. In the B9 specimen, band-shaped martensites reappear, and long elliptical particles are found in the ferrite matrix (Figures 3(f) and 4(f) ).
The X-ray diffraction (XRD) analysis results of the A7 and B7 specimens are shown in Figures 5(a) and [ [16] [17] [18] (b). In the A12, B12, B3, B5, and B9 specimens, only peaks of a-Fe are observed, whereas peaks of both a-Fe and j-carbides are observed together in the other specimens. According to the calculation of crystal structure and lattice parameter, the secondary phase formed in the A7 and B7 specimens is identified to be j-carbide of a perovskite structure with a lattice parameter of 3.80 Å . The lattice parameter of j-carbides present in the A steel changes in the range of 3.7 to 3.8 Å , because it varies slightly with the Al content contained inside j-carbides. [8] Peaks of a-Fe incorporate those of both ferrite and martensite because they cannot be distinguished by the XRD analysis according to their same crystal structure (bcc) and similar lattice constant, whereas they can be differentiated in SEM images. The reason why peaks of j-carbides are not observed in the B12 specimen is related to the high austenite fraction of 41 vol pct at 1473 K (1200°C) (Figure 2(b) ), which enables most of the carbon to be solved into the austenite. Thus, j-carbides are not precipitated in the ferrite matrix, and the austenite existed at 1473 K (1200°C) transforms to the martensite in a banded shape. Even after annealing at 573 K to 773 K (300°C to 500°C), j-carbides are not precipitated while martensites are tempered (Figures 3(d) and 4(d) ). In the A12 specimen, since the volume fraction of austenite is only several percent (Figure 2(a) ), all the carbon cannot be solved in the austenite, and a considerable amount of carbon is solved in the ferrite matrix. After water quenching from 1473 K (1200°C), j-carbides are precipitated in a needle shape. After the A12 specimen is annealed at 573 K to 773 K (300°C to 500°C), j-carbides are not additionally precipitated, while a few martensites are tempered (Figures 3(a) and 4(a) ). The microstructures of the A3 and A5 specimens are similar to that of the A12 specimen.
The XRD analysis of the B7 specimen shows peaks of j-carbides ( Figure 5(b) ). As shown in the phase diagram of Figure 2 (b), 973 K (700°C) is the precipitation temperature of j-carbides. A considerable amount of j-carbides are precipitated in the ferrite matrix as well as inside overtempered martensites. j-carbides are finely precipitated between already precipitated j-carbides in the A7 specimen (Figure 4(b) ), as in the B7 specimens. The volume fraction of j-carbides in the A7 specimen is lower than that in the B7 specimen. 1173 K (900°C) is the temperature where j-carbides are transformed to the austenite (Figures 2(a) and (b) ). The B9 specimen consists of ferrite and martensite because most of the j-carbides are transformed to the austenite prior to water quenching (Figure 4(f) ). Because the volume fraction of austenite at 1173 K (900°C) is about 30 pct, as seen in Figure 2(b) , most of the j-carbides can be sufficiently transformed to the austenite. On the other hand, in the A9 specimen, the volume fraction of austenite at 1173 K (900°C) is quite low (Figure 2(a) ), and thus, all the j-carbides are not transformed to the austenite but changed to coarse, long, and elliptical ones (Figure 4(c) ). Therefore, the microstructural modifications of the lightweight steel specimens, as shown in Figures 3 
C. Hardness
The Vickers hardness of ferrite and band-shaped martensite or tempered martensite in the A and B specimens was measured, and the results are shown in Figure 6 . The hardness of fine, needle-shaped j-carbides in the A specimens cannot be measured. The ferrite in the A and B specimens shows the similar hardness of 200 to 250 VHN, regardless of annealing temperature. The hardness of ferrite in the A7 specimen is higher by 50 VHN than that in the A5 specimen, because additional j-carbides, which are harder than the ferrite, are precipitated in the ferrite matrix. Band-shaped martensites or tempered martensites in the B3, B5, B9, and B12 specimens show higher hardness than 450 VHN. The hardness of band-shaped tempered martensite in the B7 specimen is much lower than that in other specimens, which is similar to that of the ferrite matrix. This is because the tempered martensite in the B3 and B5 specimens (Figures 4(d) ) changes to the overtempered martensite composed of fine j-carbides and ferrite in the B7 specimen (Figure 4(e) ). The band-shaped martensite in the B9 specimen has higher hardness than the bandshaped tempered martensite in the B3 and B5 specimens.
D. Tensile Properties
Figures 7(a) and (b) show room-temperature tensile stress-strain curves, from which tensile properties are summarized in Table I . All the specimens show a continuous yielding behavior, and both the yield and ultimate tensile strengths of the B specimens are higher than those of the A specimens. This is because more martensites or tempered martensites are formed in the B specimens containing higher C content. The elongations of the A7 and B7 specimens are 22 and 36 pct, respectively, and the other tensile specimens hardly show the plastic strain because they were fractured near the yield point. Especially, the B7 specimen has the most excellent mechanical properties of elongation of 36 pct and tensile strength of 710 MPa.
The deformed areas beneath the fracture surface of the A9 and B9 specimens, which have the worst tensile properties among the A and B specimens, respectively, and those of the A7 and B7 specimens, which have the best tensile properties, were observed by an SEM, and the results are shown in Figures 8(a) and (b) . In the A9 specimen, in which fine j-carbides and a small amount of martensites are dispersed in the ferrite matrix, the deformation is hardly found, and the profile of the fractured surface is shown to be linear. Cracks initiated at martensites or j-carbides propagate long and linearly along parallel {100} cleavage planes (Figure 8(a) ), because cleavage fracture planes in metals having bcc structure are {100} planes, on which the smallest plastic energy is consumed in the crack initiation and propagation processes. [19] j-carbides do not interrupt the crack propagation. Since prior austenite grains are very large, hundreds of micrometers in size (Figure 3(c) ), cracks propagate long in a cleavage mode inside large grains. In the B9 specimen, the internal deformation hardly occurs, as in the A9 specimen, but there are deflected patterns in the fracture surface profile. This is because cracks initiate inside band-shaped martensites (Figure 8(b) ), but change their propagation direction when they meet other band-shaped martensites.
In the A7 specimen containing many needle-shaped j-carbides, the deformation occurs over the wide area, and there are deflections in the fracture surface profile (Figure 9(a) ). Close observation of the deformed area shows many deformation bands composed of fine slip lines in the ferrite. Most of the j-carbides are deformed inside these deformation bands, but some carbides are broken to form microcracks. In the B7 specimen containing overtempered martensites and fine j-carbides, deformation bands are well developed ( Figure 9(b) ). In both the ferrite matrix and bandshaped overtempered martensite, many deformation bands are formed, and overtempered martensites tend to have more deformation bands rather than the ferrite matrix. Inside overtempered martensites, j-carbides formed along lath boundaries and finely dispersed jcarbides are relatively homogeneously deformed, but there are no microcracks initiated here (Figure 9(c) ). Fine j-carbides are deformed inside deformation bands, but voids or microcracks are not found at carbide/ matrix interfaces. Here, in deformation bands, the spacing between slip lines is less than 1 lm. As a result, deformation bands are well developed in the B7 specimen, which implies that the deformation occurs sufficiently and homogeneously.
Figures 10(a) through (d) are SEM fractographs of the tensile specimen. The A3, A5, and A9 specimens show large and flat cleavage facets (Figure 10(a) ), because they undergo the linear cleavage fracture, as seen in Figure 10 (a). Some parallel secondary cracks are formed on other {100} cleavage planes, which are vertical to the cleavage facet. The A7 specimen shows its fracture surface composed of wavy cleavage or quasi-cleavage facets (Figure 10(b) ). The B3, B5, and B9 specimens are fractured mostly in a cleavage mode, and quasi-cleavage facets and secondary cracks are also observed in some areas (Figure 10(c) ). In the B7 specimen, ductile fracture areas of 20 to 50 lm in size as well as cleavage facets are observed (white dotted circles in Figure 10(d) ). The size of ductile fracture is similar to that of band-shaped tempered martensites. 
IV. DISCUSSION
In the present study, various microstructures, generated in ferritic lightweight steels having different C content by varying annealing temperature, were predicted by equilibrium phase diagrams obtained from thermodynamic calculations, and then were defined by detailed phase analysis. Since both the strength and elongation turn out to be excellent when the proper combination of ferrite and j-carbides is made, the microstructural formation process needs to be verified and discussed by correlating it with the deformation and fracture behaviors.
A. Deformation and Fracture Mechanisms of the A Steel
In the A12 specimen, needle-shaped j-carbides, together with a small amount of martensites, are dispersed in the ferrite matrix. After annealing this A12 specimen at 573 K to 773 K (300°C to 500°C) (the A3 and A5 specimens), martensites are tempered, while j-carbides remain (Figure 3(a) and 4(a) ). In the A7 specimens, new j-carbides are additionally precipitated between j-carbides existing in the A5 specimen (Figures 3(b) and 4(b) ). In the A9 specimen annealed at 1173 K (900°C), where the austenite is formed, the austenite is transformed to the martensite after quenching, and unsolved j-carbides are grown to long elliptical ones (Figures 3(c) and 4(c) ). As the annealing temperature varies, the microstructure containing j-carbides is changed, and the microstructural formation process was explained in Sections III-A and III-B by the equilibrium phase diagrams and XRD analysis data.
Tensile properties of the A specimens can be explained by correlating with their microstructures. In the A3, A5, and A9 specimens containing brittle needleshaped j-carbides, cracks initiated at needle-shaped j-carbides propagate rapidly in a cleavage mode to reach the fracture without any interruption, and thus, the specimens hardly show any ductility. On the contrary, in the A7 specimen, a large amount of deformation takes place over a wide area. Observation of the deformed area beneath the fracture surface (Figures 9(a) ) shows that a lot of deformation bands are formed in the ferrite matrix and that most of the j-carbides are deformed inside deformation bands. Some needle-shaped j-carbides are cracked to initiate microcracks, which are grown to form long cleavage cracks. However, this cleavage crack propagation is interrupted by other deformation bands and changes the propagation direction. Thus, the tensile fracture surface consists of smaller cleavage or quasi-cleavage facets rather than very large cleavage facets (Figure 10(b) ). Because of many deformation bands formed in the ferrite matrix and frequent changes of cleavage crack propagation direction, the A7 specimen has considerably high ductility (22 pct) and tensile strength (528 MPa) (Table I) . Fine spherical j-carbides additionally precipitated between needle-shaped j-carbides help the matrix to be deformed by generating many deformation bands, which can improve the ductility. This is contradictory to the generally accepted results that the harder j-carbides are, the worse the ductility becomes. The formation of an appropriate amount of j-carbides can be a good way of increasing both the strength and ductility of the lightweight steels.
B. Deformation and Fracture Mechanisms of the B Steel
Microstructures of the B specimens mostly show band-shaped martensites or tempered martensites dispersed in the ferrite matrix. Band-shaped martensites are dispersed in the B12 specimen, while they are decomposed by the tempering effect in the B3 and B5 specimens (Figures 3(d) and 4(d) ). In the B7 specimen, new j-carbides are additionally precipitated inside them as band-shaped martensites are overtempered (Figures 3(e) and 4(e) ). In the B9 specimen where most of the j-carbides are solved in the austenite, which subsequently transforms to the martensite after quenching, a lot of bulky or needle-shaped martensites are found (Figures 3(f) and 4(f) ).
Since band-shaped martensites or tempered martensites in the B3, B5, and B9 specimens are brittle to cause the cleavage crack initiation, cleavage cracks propagate into the ferrite matrix until they cause the final failure. Tensile fracture surfaces are composed of cleavage facets, which show wavy patterns because band-shaped martensites or tempered martensites interrupt the propagation of cleavage cracks. Thus, tensile fracture surfaces consist of cleavage or quasi-cleavage facets of several tens of micrometers in size (Figures 10(c) ). Since the fracture occurs in a cleavage mode, the tensile elongation is hardly found (Figure 7(b) ).
In the B7 specimen composed of overtempered bandshaped martensites and fine spherical j-carbides, the deformation occurs throughout the specimen. Deformation bands are largely developed in overtempered martensites and ferrite matrix, and j-carbides are deformed inside bands (Figures 9(b) and (c) ). Overtempered martensites are sufficiently deformed to cause the ductile fracture and can block the propagation of cleavage cracks. Thus, the fracture occurs in a mixed mode of ductile fracture and quasi-cleavage fracture at overtempered martensite and ferrite matrix areas, respectively (Figure 10(d) ). Widely formed deformation bands, together with resultant ductile fracture, enable the B7 specimen to have excellent ductility (36 pct) and tensile strength (711 MPa) simultaneously (Table I) . Though the volume fraction of j-carbides is higher in the B7 specimen than in the A7 specimen, j-carbides are not fragile and well deformed inside deformation bands because of their fine and spherical shapes. Therefore, when the ferritic lightweight steel containing 0.3 pct C is appropriately heat treated, it has even better strength and ductility than the steel containing 0.1 pct C. In other words, when the B steel is annealed at 973 K (700°C) to precipitate more fine j-carbides, the deformation occurs homogeneously, and overall mechanical properties can be enhanced.
These results can also be adopted to improve the hotrolling performance of ferritic lightweight steels, which are often cracked during hot rolling. [20] If the sufficient ductility can be achieved during hot rolling by using the populated precipitation of j-carbides at 973 K (700°C), the hot-rolling cracking can be inhibited. When considering the C content in the steels, the steel containing higher C content has about 40 to 50 vol pct of austenite at 1023 K (750°C) or higher (Figure 2(b) ). Thus, it can have the better hot-rolling performance than the steel containing lower C content as the austenite helps the homogeneous deformation during hot rolling. Since only the steels containing different C contents are compared in this study, microstructures of lightweight steels fabricated under various chemical compositions and heat-treatment conditions should be analyzed, and a more fundamental correlation study between microstructures and deformation and fracture mechanisms should be investigated in the future.
V. CONCLUSIONS
In the present study, two ferritic lightweight steels containing different C contents were annealed at various temperatures, and their deformation and fracture mechanisms were investigated in relation to microstructures containing j-carbides and band-shaped martensites or tempered martensites.
1. Phases formed at high temperatures were analyzed from thermodynamically calculated equilibrium phase diagrams. Volume fractions of phases and phase transformation temperatures obtained from the phase diagrams were well matched with the results obtained from actual microstructures. 2. The A steel specimens containing 0.1 pct C showed the microstructure of needle-shaped j-carbides homogeneously dispersed in the ferrite matrix. In the specimen annealed at 973 K (700°C), deformation bands were formed over the wide area, and needle-shaped j-carbides were deformed inside bands. Even if microcracks initiated at some j-carbides, their propagation was interrupted by deformation bands, which enabled this specimen to show high ductility and strength simultaneously. 3. The B steel specimens containing 0.3 pct C consisted of band-shaped martensites or tempered martensites dispersed in the ferrite matrix. In the specimens annealed at 573 K to 773 K (300°C to 500°C), cracks initiated at martensites or tempered martensites and propagated into the ferrite matrix in a cleavage mode until they caused the final fracture. In the specimen annealed at 973 K (700°C), a number of j-carbides were precipitated in the overtempered band-shaped martensites and ferrite matrix. Since deformation bands were widely formed and j-carbides were sufficiently deformed inside bands, this specimen showed the highest ductility and strength. 4. Comparing the two specimens annealed at 973 K (700°C), the specimen containing 0.3 pct C showed the higher ductility because deformation bands were more readily formed, although the volume fraction of j-carbides was higher than that of the specimen containing 0.1 pct C. These results indicated that when the specimen containing 0.3 pct C was appropriately heat treated, it had even better strength and ductility simultaneously than the specimen containing 0.1 pct C.
